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Structure of the Bacillus Cell Fate Determinant
SpoIIAA in Phosphorylated
and Unphosphorylated Forms
ing to an asymmetric cell division. This produces a larger
mother cell and a smaller forespore. The mother cell
proceeds to engulf the forespore and the two cells col-
laborate in constructing a complex proteinaceous coat
around the developing spore. In the final stages the
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Although the mother cell and the forespore contain
identical chromosomes, they follow different programs
of gene expression and have different fates. This isSummary
brought about by the sequential activation of alternate
 factors in the respective compartments, F and G inBackground: The asymmetric cell division during spor-
ulation in Bacillus subtilis gives rise to two compart- the forespore, E and K in the mother cell [3, 4]. F is
the first compartment-specific transcription factor toments: the mother cell and the forespore. Each follow
different programs of gene expression coordinated by become active during sporulation. Although it is pro-
duced in the predivisional cell and partitions into botha succession of alternate RNA polymerase  factors.
The activity of the first of these  factors, F, is restricted compartments upon formation of the asymmetric sep-
tum, F is activated only in the forespore [5, 6].to the forespore although F is present in the predivi-
sional cell and partitions into both compartments follow- F (SpoIIAC) activity, and hence cell fate, is governed
by a complex interplay with two other proteins encodeding the asymmetric septation. For F to become active,
it must escape from a complex with its cognate anti- on the three cistron spoIIA operon, SpoIIAA and SpoIIAB
[7]. SpoIIAB has two functions: it is an anti- factor,factor, SpoIIAB. This relief from SpoIIAB inhibition re-
quires the dephosphorylation of the anti- factor antag- which forms a tight complex with F in which the lat-
ter is unavailable to bind core RNA polymerase (Fig-onist, SpoIIAA. The phosphorylation state of SpoIIAA is
thus a key determinant of F activity and cell fate. ure 1), and it is also a protein kinase that specifically phos-
phorylates SpoIIAA [8, 9]. The phosphorylation state of
SpoIIAA, which functions as an anti- factor antagonist,Results: We have solved the crystal structures of
SpoIIAA from Bacillus sphaericus in its phosphorylated is, in some sense, the ultimate arbiter of cell fate. In the
predivisional cell, and in the mother cell following theand unphosphorylated forms. The overall structure con-
sists of a central -pleated sheet, one face of which is asymmetric septation, SpoIIAA is present in its phos-
phorylated form, which is unable to bind to the anti-buried by a pair of  helices, while the other is largely
exposed to solvent. The site of phosphorylation, Ser57, factor, SpoIIAB [10]. The latter is therefore able to se-
quester the  factor and prevent F-directed gene ex-is located at the N terminus of helix 2. The phosphoser-
ine is exceptionally well defined in the 1.2 A˚ electron pression. In the forespore compartment, SpoIIAA-P is
selectively dephosphorylated and thereby activated bydensity maps, revealing that the structural changes ac-
companying phosphorylation are slight. SpoIIE (Figure 1), which localizes to the polar septum
[11–13]. The precise mechanism by which the phospha-
tase activity of SpoIIE is restricted to the forespore hasConclusions: Comparison of unphosphorylated and
phosphorylated SpoIIAA shows that covalent modifica- not been unambiguously elucidated [14, 15]. Unphos-
phorylated SpoIIAA diverts the anti- factor from itstion has no significant effect on the global structure of
the protein. The phosphoryl group has a passive role complex with F, allowing the  factor to combine with
core RNA polymerase and initiate compartment-specificas a negatively charged flag rather than the active role
it plays as a nucleus of structural reorganization in many gene expression [16, 17].
Structural insights into the fascinating but complexeukaryotic signaling systems.
interactions among these proteins are beginning to
emerge with the determination of the solution structureIntroduction
of SpoIIAA from B. subtilis by NMR methods [18]. Se-
quence comparisons suggest that the architecture ob-The activation of alternate RNA polymerase  factors is
a widespread mechanism for changing the profile of served in SpoIIAA is shared by domains found in the
sulfate transporter family of proteins, whose malfunctiongene expression in bacteria, for which spore formation
by B. subtilis presents a textbook example [1, 2]. One is associated with human disease [19]. The functional
significance of the shared homology in STAS (sulphateof the simplest examples of cellular differentiation, spor-
ulation begins with the formation of a polar septum lead- transporters and anti-sigma factor antagonists) domain
proteins is not yet clear. Our purpose in the present
work is, first, to complement the NMR work with the2 Correspondence: ajw@ysbl.york.ac.uk
3 Present address: Laboratory of Molecular Biophysics, Rex Rich-
ards Building, University of Oxford, South Parks Road, Oxford, OX1 Key words: cell differentiation; crystallography; phosphorylation;
sigma factor; sporulation; SpoIIAA3QU, UK.
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phorylated SpoIIAA crystals belong to space group
P6522, with a single molecule in the asymmetric unit.
These crystals diffract weakly and the data are limited
to 2.7 A˚ spacing. The refined model comprises residues
2–92 and 96–114; the chain termini and residues 93–95
are not defined by the electron density maps and they
are assumed to be disordered. The phosphorylated
SpoIIAA crystals are in space group P212121, with two
molecules in the asymmetric unit. This structure was
solved and refined against diffraction data extending
to 1.2 A˚ spacing, making this the highest resolution
structure of a phosphophorylated protein yet deter-
mined. The final, refined model extends from residue
2–112 in both chains, Met1 and the C-terminal residues
113–117 being disordered. The details of data collection
and refinement for the three structures are presented
in Tables 1 and 2.
The overall fold in the two B. sphaericus SpoIIAA crys-
tal structures is similar to the averaged NMR structure
of SpoIIAA from B. subtilis (1buz) [18]. The proteins from
the two species share 39 identities over their 117 residue
polypeptide chains. SpoIIAA is a single domain globular
protein with a largely compact structure and overall di-
mensions of 25  30  35 A˚3. The molecule contains
five  strands (1–5) and four  helices (1–4) in the
order 121324354 (Figures 2a
and 2b). The central element of the SpoIIAA structure
is a -pleated sheet formed by four prominent  strands,
Figure 1. The Interactions among SpoIIA Proteins and SpoIIE in the
the first of which is antiparallel to the other three. ARegulation of F Activity
shorter strand comprising residues 98–100 runs parallel(a) SpoIIAB (AB) is both an anti- factor that can sequester F (1) and
to part of strand4 (residues 79–81), extending the sheeta protein kinase that can phosphorylate SpoIIAA (AA) (2). SpoIIE (IIE)
to five strands. The local interactions of these segmentshydrolyses SpoIIAA-P (AA-P) (3). In the presence of unphosphorylated
SpoIIAA, SpoIIAB can swap its F partner for SpoIIAA (4). are continued at Ala102, whose main chain amide and
(b) In the larger mother cell compartment, the prevailing species carbonyl groups each form hydrogen bonds to the side
are SpoIIAA-P and the SpoIIAB:F complex. SpoIIE (shaded circles) chain of Asn81.
localizes to the sporulation septum but is active only in the forespore
Two prominent and parallel  helices, 1 and 2, packwhere it dephosphorylates SpoIIAA-P leading to F activation.
against each other and onto one face of the  sheet,
giving rise to an extensive hydrophobic core. Two further
 helices at the C terminus pack onto the edge of thisdetermination of the crystal structure of SpoIIAA, and,
sheet in a less regular arrangement which has beensecond, to extend the structural insights to the phos-
termed a panhandle [19]. The third  helix runs in anphorylated species. Although we were able to grow crys-
almost perpendicular direction to helices 1 and 2. Thetals of SpoIIAA from B. subtilis, these crystals were un-
loops 2-1 and 3-2 exchange main chain hydrogensuitable for X-ray analysis [20]. We therefore explored
bonds as they run parallel to one another and to helixhomologous proteins from other spore-forming Bacilli,
3, across what we will arbitrarily refer to as the “top”and here we report the crystal structure of SpoIIAA from
of the molecule in Figure 2. The fourth  helix packsB. sphaericus in both its native and its phosphorylated
onto the opposite face of the  sheet largely throughforms.
apolar interactions but also through a bidentate salt
bridge between Glu104 and Arg16.
Results
Structure Determination and Overall Topology The Phosphorylation Site
The phosphorylatable Ser57 (Ser58 in B. subtilis [21]) inThe structure of B. sphaericus SpoIIAA was initially de-
termined by multi-wavelength anomalous dispersion SpoIIAA is situated at the N terminus of helix 2 (Figures
2 and 3a). Its side chain is oriented away from the main(MAD) methods applied to a SeMet derivative. The pro-
tein used to prepare the first unphosphorylated SpoIIAA body of the molecule and into the solvent. It forms no
polar interactions with other protein atoms. The sidecrystals [20] was found on structure determination to
contain an adventitious Met86 to Val point mutation, pre- chains of the flanking Asp56 and Ser58 residues form a
charge-dipole interaction.sumably introduced during polymerase chain reaction
subcloning steps. The SpoIIAA(M86V) structure has The phosphoryl group in SpoIIAA-P is exceptionally
well defined by the 1.2 A˚ resolution electron densitybeen refined against data extending to 1.6 A˚ spacing.
The structures of the authentic (wild-type) forms of maps (Figures 3b and 3c). The phosphoserine side chain
has two conformations in molecule A (Figure 3c). InSpoIIAA were subsequently solved by molecular re-
placement (see Experimental Procedures). The unphos- neither conformation do the phosphate atoms partici-
Crystal Structure of Phosphorylated SpoIIAA
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Table 1. Data Collection Statistics
SpoIIAA SpoIIAA SpoIIAA SpoIIAA SpoIIAA SpoIIAA
Crystal—Data Set (M86V) 1 (M86V) 2 (M86V) 3 (M86V) Phosphate (Wild-Type)
Space group P212121 P212121 P212121 P212121 P212121 P212121 P6522
Cell dimension (A˚) a 36.4 36.5 36.2 36.7 51.1 51.1 81.6
b 53.3 53.3 53.0 53.5 61.5 61.9 81.6
c 100.7 100.7 99.9 101.3 65.8 65.9 71.6
Beamline ESRF BM14 ESRF BM14 ESRF BM14 ESRF ID14 SRS 14.1 ESRF ID14 ESRF ID14
EH2 EH1 EH3
Wavelength (A˚) 0.9778 0.9787 0.9184 0.93 1.488 0.934 0.930
Resolution range (A˚) 24.7–2.5 24.7–2.5 25.0–2.5 19.9–1.6 20–1.67 20.0–1.16 20–2.74
(outer shell) (2.56–2.50) (2.56–2.50) (2.56–2.50) (1.67–1.61) (1.70–1.67) (1.20–1.16) (2.84–2.74)
Rmergea (%) All data 3.5 3.2 2.9 7.6 4.5 6.8 7.2
Outer shell 5.8 5.3 5.2 24 6.8 30.0 34.2
I/(I) All data 19.2 19.2 21.8 19.8 31.6 18.9 23.5
Outer shell 8.6 6.9 12.9 5.4 28.1 3.7 5.3
Measurements 23,961 23,875 25,039 118,510 163,469 277,544 26,991
Unique measurements 12,741 12,713 12,838 25,927 24,230 72,227 4,022
Completeness (%) All data 97.0 96.7 99.4 96.4 98.9 97.9 99.8
Outer shell 76.7 75.6 97.9 87.1 100.0 85.4 99.7
a Rmerge 	 100  
hkl
i| I  I|/
hkl
iI
pate in direct intramolecular interactions. Instead, the Ser57, Asp56, and Ser58 form what appears to be a strong
charge-dipole interaction, with the Asp56 side chain alsophosphoryl group points away from the protein and into
the solvent, forming hydrogen bonds to water molecules N-capping the helix 2. Although the situation of the
phosphorylated Ser at the N terminus of an  helix sug-and polar groups on surrounding protein molecules in
the lattice. These include the hydroxyl of Thr9 and the gests the possibility of favorable electrostatic interac-
tions between the phosphate group and the helix dipole,guanidino group of Arg112 from one neighboring molecule
in the crystal, and the imidazole of His24 from another. the distances between the phosphate oxygen atoms
and the main chain nitrogens are generally 4 A˚ sug-In the B molecule, a single side chain conformation has
been modeled, with the phosphate oxygen atoms mak- gesting that these interactions are weak.
ing interactions with a series of water molecules and
the imidazole of His24 in a neighboring subunit. The face Comparison of SpoIIAA with SpoIIAA-P
The two independent molecules in the asymmetric unitof the ring of the His24 side chain packs onto that of the
adjacent His23, and this ring stacking extends in the of the SpoIIAA-P crystals, which were refined without
applying non-crystallographic restraints, can be super-crystal to include the equivalent residues from a neigh-
boring molecule (Figure 3c). As for the native protein, imposed with an rms of 0.7 A˚ for all equivalent C
atoms. When either of the SpoIIAA-P molecules is super-in SpoIIAA-P, the side chains of the residues flanking
Table 2. Refinement Statistics
SpoIIAA (M86V) SpoIIAA-Phosphate SpoIIAA
Resolution range (A˚) 19.9–1.6 20.0–1.16 20–2.74
Measurements 25,927 72,227 4,022
Rcrysta (%) 15.9 13.2 25.0
Free Rcrystb (%) 21.4 16.4 30.2
Number of residues 230 222 110
Missing residues A mol 1, 117 1, 113–117 1, 93–95, 115–117
B mol 1, 117 1, 113–117
Number of atoms
Protein 1,815 1,829 872
Solvent 206 423 9
Tris — 16 —
Rms bonds (A˚) 0.021 0.025 0.020
angles () 1.801 1.921 2.021
Average B factor (A˚2)
Main chain 17.4 9.8 35.8
Side chain 22.0 13.0 37.0
Solvent 30.0 27.2 54.3
Tris — 30.6 —
Ramachandran plotc
Most favored (%) 94 90.8 85
Additional allowed (%) 6 9.2 15
a Rcryst 	 100  
hkl||Fobs|  k|Fcalc||/
hkl|Fobs|
b Free Rcryst 	 100  
hklT||Fobs|  k|Fcalc||/
hklT|Fobs|, where hklT represents the test data set of 5% of the diffraction data.
c Calculated in PROCHECK [50].
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the latter there are noticeable differences in the orienta-
tion of the 3-2 loop and helix 3 (Figure 4c). This is
likely to be attributable to the mutation since Met86,
which is located on helix 3, packs closely against Met55
which is situated on the 3-2 loop (Figure 4c). Similar
changes take place in both molecules of the asymmetric
unit of the crystal, arguing against an effect of crystal
packing. Even so, it is interesting to note that Val occurs
at position 86 in the majority of SpoIIAA homologs, in-
cluding that from B. subtilis. Regardless, in discussing
the structural changes arising from phosphorylation of
SpoIIAA, we will confine our comparison to the crystal
structures of the wild-type protein.
The main structural differences between SpoIIAA and
SpoIIAA-P are in residues 83–98, which encompass helix
3 and its flanking loops (Figure 4a). This segment con-
tains residues 93–95, which are disordered in the
SpoIIAA structure. The region of greatest variability be-
tween the independent molecules in the asymmetric unit
of the SpoIIAA-P crystals spans these same residues,
implying that they are intrinsically rather flexible. There are
no hydrogen bonding or electrostatic interactions tether-
ing residues 82–98 to the rest of the protein. Instead, the
packing of this segment onto the protein core involves
apolar contacts. Overall, therefore, we conclude that
there are no concerted movements of the protein ac-
companying the arrival of the phosphoryl group. The
only structural changes attributable to phosphorylation
are the extra bulk of the phosphoryl group and two extraFigure 2. The Overall Fold of SpoIIAA
negative charges.(a) Ribbon tracing with the C and side chain atoms of Ser57 shown
in ball-and-stick.
(b) Stereo C trace with the N- and C-termini and every 10th residue
labeled. This and subsequent figures were drawn with the program Discussion
MOLSCRIPT [49].
Interactions with Partner Proteins
The genes of the spoIIA operon are switched on in the
predivisional cell in response to deteriorating environ-imposed onto the structure of native SpoIIAA, the rms
on equivalent C atoms (residues 2–92 and 96–112) is mental conditions, which bring about phosphorylation
of the response regulator Spo0A and activation of its1.1 A˚ (Figure 4a). Similar comparison of these crystal
structures with the averaged NMR structure [18] pro- transcription regulatory functions [22]. SpoIIAA is phos-
phorylated by SpoIIAB and ATP. SpoIIAB then forms aduces rmss in the range 3.0–3.4 A˚ for superposition
of 100 equivalent C atoms (residues 12–111). However, tight ternary complex with F and an adenine nucleotide,
presumably ATP [23]. Phosphorylated Spo0A also stim-a more careful analysis shows that the principal differ-
ence between the NMR and the X-ray structures is a ulates the expression of spoIIE, which encodes SpoIIE,
an integral membrane protein with ten putative mem-significant displacement of the helices 1, 2, and 3
relative to the  sheet (Figure 4b). These differences brane-spanning segments at its N terminus and a PP2C-
like phosphatase domain at its C terminus. SpoIIAA-Pmay reflect intrinsic flexibility within SpoIIAA. Alterna-
tively, they may reflect sequence differences between persists, however, until SpoIIE is assembled into polar
rings at the potential site of septum formation in a pro-species. In this regard the bulkier Trp47 residue on strand
3 in B. sphaericus SpoIIAA, which replaces a Leu in cess dependent on FtsZ [24–26]. In a reaction that is
confined to the forespore by a mechanism that is notthe B. subtilis protein, may alter the nature of the interac-
tions between the  sheet and helices 1 and 2. A third yet fully understood, SpoIIE hydrolyses the serine-phos-
phate ester bond in SpoIIAA-P, thus activating the anti-cause of the structural differences may be a lack of
distance constraints between the  sheet and the  factor antagonist. SpoIIAA diverts SpoIIAB from its com-
plex with F such that the  factor can combine withhelices in the NMR data.
The crystal structures of the native and phosphory- RNA polymerase core enzyme and initiate compart-
ment-specific gene expression (Figure 1).lated wild-type proteins are also more similar to one
another than either is to the mutant SpoIIAA in which The simultaneous actions of SpoIIE and SpoIIAB in
the forespore do not lead to an extensive futile cycle ofMet86 is substituted by Val. Comparing SpoIIAA and
SpoIIAA(M86V), the mean rms on C atom positions of SpoIIAA phosphorylation and dephosphorylation be-
cause SpoIIAB is much slower to turnover than SpoIIEresidues 2–92 and 96–112 is 1.8 A˚, while for SpoIIAA-P
and SpoIIAA(M86V), a similar comparison based on [23]. After catalyzing phosphate transfer from ATP to
SpoIIAA, SpoIIAB appears to be detained in a long-residues 2–112 gives a mean pairwise rms of 1.7 A˚. In
Crystal Structure of Phosphorylated SpoIIAA
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Figure 3. Electron Density Surrounding the
Phosphorylatable Ser
(a) Ser57 in unphosphorylated SpoIIAA(M86V),
(b) the phosphorylated serine in the B mole-
cule of SpoIIAA-P, and (c) the Ser-phos-
phates and the nearby His23 and His24 resi-
dues in adjacent molecules of the lattice. The
Ser57-phosphate (SEP57) side chain has two
conformations in molecule A. In the high-res-
olution maps, dual conformations of Met55 of
molecule B and Ser57-phosphate of molecule
A are evident. The atoms are colored ac-
cording to their type: carbon is light blue, oxy-
gen is red, nitrogen is blue, sulfur is yellow,
and phosphorus is green. The electron den-
sity of the neighboring molecule in (c) is col-
ored orange. In each case a 2Fo-Fc map is
displayed and contoured at one standard de-
viation above the mean value of the electron
density.
lived complex with ADP [27] by a second molecule of phorylatable Ser57 in B. sphaericus SpoIIAA is contigu-
ous with an extended exposed apolar surface formedunphosphorylated SpoIIAA [28]. A long-lived SpoIIAA-
SpoIIE complex has also been invoked based on experi- by (i) Val60, Leu64, Met67, and the aliphatic stem of the
side chain of Arg68 on helix 2, (ii) Val89 and Phe92 onments with SpoIIE fusion proteins and SpoIIE mutants,
which suggest that F may be regulated at a step subse- helix3, and (iii) Leu95 and Trp98 on the3-5 loop (Figure
5a). Extended hydrophobic surfaces frequently mediatequent to dephosphorylation of SpoIIAA-P [14]. These
data suggest that following dephosphorylation of stable protein-protein interactions [29]. Furthermore, the
flexibility inherent in helix 3 and the loop that followsSpoIIAA-P by SpoIIE, SpoIIAA may be retained in com-
plex with SpoIIE pending the completion of the sporula- it adds further support for a role for these residues in
protein-protein interactions, since binding surfaces ontion septum.
It may be significant in regard to the proposed long- proteins often undergo a disorder-to-order transition on
complex formation [30]. A corresponding hydrophobiclived complexes with SpoIIAB and SpoIIE that the phos-
Structure
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molecules pack tightly about a noncrystallographic two-
fold axis of symmetry, burying 1250 A˚2 of largely apolar
surface area on helix 2 and the 3-5 loop. Despite
the presence of these dimers in the SpoIIAA(M86V) crys-
tals, we have not observed dimers of either mutant or
wild-type SpoIIAA in solution (unpublished data). A ho-
molog of SpoIIAA, the TM1442 gene product from Ther-
motoga maritima has recently been purified and shown
to exist as a monomer-dimer equilibrium in solution.
The dimer form has been crystallized [31]. It will be
interesting to compare the TM1442 protein dimer with
the SpoIIAA(M86V) dimer shown in Figure 6.
The importance of surface hydrophobic residues on
the front face of the molecule (Figure 5a) in determining
SpoIIAA function is also implied by sequence compari-
sons. In Figure 7, we have extended an alignment of
anti- factor antagonist sequences presented by Kovacs
et al. [18] to include recently determined sequences of
SpoIIAA proteins from evolutionarily distant endospore-
forming bacteria. The hydrophobic nature of residues
highlighted in Figure 5a is conserved. The sequence
comparison emphasizes the clustering of strongly con-
served residues (Gly19-Glu20-Leu21-Asp22 and Phe54-
Met55-Asp56) on the loops preceding the long  helices.
Glu20 and Phe54 protrude prominently on the upper sur-
face of the molecule as shown in Figure 5b. These loops
are followed by a pair of conserved surface histidines
(His23 and His24) and the phosphorylatable Ser respec-
tively. The sequence conservation extends into helix 2
and is apparent in the 3-5 loop, which includes the
invariant Ser93 (Figures 5 and 7).
Four of the six invariant Gly residues can be assigned
obvious structural roles either in facilitating turns or, in
the case of Gly59, in close packing of the protein core.
However, this cannot be the case for Gly61 or Gly65, which
are situated on the outer surface of helix2. It is possible
that their conservation is important in facilitating the
close approach of partner proteins. In this regard, sub-
stitution of Gly62 in SpoIIAA from B. subtilis (correspond-
Figure 4. SpoIIAA Structural Comparisons ing to Gly61 in the B. sphaericus protein) by Asp leads
Comparison of the overall structure of unphosphorylated SpoIIAA to inefficient phosphorylation of SpoIIAA by SpoIIAB
from B. sphaericus (green) with (a) the B molecule from the SpoIIAA- and dephosphorylation of SpoIIAA-P by SpoIIE in vitro
P crystal structure (cyan), (b) the average NMR structure of SpoIIAA
and a failure to sporulate in vivo [32]. We can speculatefrom B. subtilis (red) [18], and (c) the A molecule of the SpoII-
that SpoIIAB and/or SpoIIE bind to SpoIIAA forming (1)AA(M86V) crystal structure (magenta). The figure is a stereo plot of
predominantly polar interactions with protruding sidethe course of the protein backbone. In (a) and (c) the structures
were superimposed by least squares minimization of the rms of chains on the top surface of the molecule that confer
the C atom positions of residues 2–111. In (b) the superposition specificity and (2) predominantly apolar interactions
was based on the C positions of 21 equivalent atoms from strands with the front face of the molecule that confer higher
1–4 of the  sheet (rms 	 0.67 A˚). The side chain and C atoms affinity and, importantly, low dissociation rate constantsof Ser57 in unphosphorylated SpoIIAA are displayed in (a) while those
(Kd 50 nM and koff 0.015 s1 for the SpoIIAA:SpoIIABof Met55 and Met86 are shown in (c). For clarity, residues 103 to the
complex in the presence of ADP [23]).C terminus have been omitted. Note that the green traces are broken
between residues 92 and 96 because the intervening residues are Figure 7 also includes the sequences of RsbV-like
disordered in the unphosphorylated SpoIIAA structure. anti- factor antagonists which regulate stress re-
sponses in a range of bacteria. Many of the residues
conserved among the SpoIIAA-like proteins are also
patch has been noted in SpoIIAA from B. subtilis where conserved in the RsbV-like proteins, suggesting a similar
site-directed mutagenesis experiments have implicated mechanism of action. These two sets of proteins can
residues contributing to this surface in binding either be distinguished, based on primary sequence, by “sig-
SpoIIAB or SpoIIE [28]. nature” residues surrounding the phosphorylatable Ser.
That this surface may be used to mediate protein- The invariant Ser58, Ser93, and Phe54 in the SpoIIAA se-
protein interactions is illustrated by an extensive lattice quences appear as Thr, Thr, and Tyr, respectively, in
contact made between the two molecules of the asym- the RsbV proteins. The conserved His23, His24, and Arg66
in SpoIIAA are not present in RsbV (Figure 7). Thesemetric unit of the SpoIIAA(M86V) crystals (Figure 6). The
Crystal Structure of Phosphorylated SpoIIAA
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Figure 5. Space Filling Views of the SpoIIAA
Surface
(a) View similar to that in Figure 2a illustrating
the hydrophobic surface contiguous with the
phosphorylatable Ser (SEP57, green). Other
residues are colored according to type; posi-
tively charged residues (Arg, Lys, and His) are
blue, negatively charged residues (Asp and
Glu) are red, polar residues (Asn, Gln, Ser,
and Thr) are yellow, and apolar residues are
in gray. Selected residues referred to in the
text are labeled.
(b) View looking down onto SEP57 illustrating
residues conserved among SpoIIAA homo-
logues. SEP57 is again in green; residues in-
variant in 11 of the 12 SpoIIAA-like sequences
are in yellow with the exceptions of Gly61 and
Gly65, which are in red.
residues are candidates for conferring specificity on the Ser46 prevents HPr from acting as a phosphocarrier sub-
strate in the phosphoenol-pyruvate:sugar phosphotrans-binding of SpoIIAA and RsbV to their cognate kinases
SpoIIAB and RsbW, respectively, since there appears ferase system associated with carbohydrate entry into
bacterial cells. Modeling studies suggest that phosphor-to be no crosstalk between these systems [33].
ylated HPr is prevented from binding to the phosphodo-
nor enzyme-I (EI) by electrostatic repulsion between theSer/Thr Phosphorylation in Other
Regulatory Systems Ser-phosphate on HPr and a glutamate residue on EI
[38]. We would predict that phosphorylation control inIn the phosphorylation control of F activity, SpoIIAB is
the kinase which phosphorylates SpoIIAA as well as the SpoIIAA is also based on electrostatic repulsion be-
tween the phosphorylated Ser and the phosphatesensor of the phosphorylation signal. The structural data
presented here demonstrate that phosphorylation does groups of adenine nucleotides bound to SpoIIAB. Inter-
estingly, in SpoIIAA, as in IDH and HPr, the effects ofnot perturb the gross structure of SpoIIAA and that the
phosphate acts as a flag as opposed to a trigger of phosphorylation of the wild-type protein can be mim-
icked by replacement of the active Ser by acidic residuesconformational change. SpoIIAB needs only to sense
whether SpoIIAA is phosphorylated or not, and this can [17, 36, 38].
In glycogen phosphorylase and in the MAP/cyclin de-presumably be achieved by surveying a surface cen-
tered on, or overlapping with, the active Ser. pendent kinases which regulate the cell cycle and cell
development in eukaryotes, Arg residues from differentIsocitrate dehydrogenase (IDH) and the His-con-
taining phosphocarrier protein (HPr) constitute two domains/subunits are recruited to counter the additional
negative charges arising from phosphorylation [34, 35].other regulatory systems where negligible conforma-
tional changes result from Ser/Thr phosphorylation [37, Comparison of the phospho- and dephospho-forms of
the enzymes reveals long-range conformational changes38]. Phosphorylation of Ser113 inhibits IDH so that the
CO2-evolving steps of the tricarboxylic acid cycle can accompanying the formation of a phosphate recognition
site. The Arg movements extend the “sphere of influ-be bypassed as isocitrate is diverted into the glyoxylate
pathway. The Ser-phosphate partially occupies the iso- ence” of the phosphoryl group to structurally remote
sites where new or altered binding surfaces may becitrate binding site and prevents substrate binding by
an electrostatic blocking mechanism. Phosphorylation of created or where active residues may be reconfigured
Figure 6. A SpoIIAA Dimer in the Crystal
Stereo ribbon diagram illustrating the pack-
ing of the two molecules in the asymmetric
unit of the SpoIIAA(M86V) crystals. The N- and
C-termini and helices 2 and 3 are labeled.
The close association of the 3-5 loops and
the 2 helices about a pseudo two-fold non-
crystallographic symmetry axis is apparent.
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Figure 7. Alignment of Anti- Factor Antagonist Sequences
(1–12) SpoIIAA-like proteins from 1. B. sphaericus (AJ278291), 2. B. subtilis (P10727), 3. B. licheniformis (P26777), 4. B. anthracis (http://
www.tigr.org/tdb/mdb/mdbinprogress.html), 5. B. coagulans (P70877), 6. B. stearothermophilus (O32726), 7. B. megaterium (P35147), 8.
B. halodurans (Q9KCN3), 9. Paenibacillus polymyxa (O32720), 10. Carboxydothermus hydrogenoformans (http://www.tigr.org/tdb/mdb/
mdbinprogress.html), 11. C. acetobutylicum (http://www.genomecorp.com/genesequences/clostridium/clospage.html), and 12. C. difficile
(http://sanger.ac.uk/Projects/C_difficile/). Residues invariant in at least 11 of the 12 sequences are picked out in the consensus, Spo.
(13–19) RsbV-like sequences: 13. B. anthracis (Q9K5J8), 14. Staphylococcus epidermidis (AAG23811), 15. Staphylococcus aureus (P95842),
16. B. halodurans (Q9Kff2), 17. B. subtilis (P17903), 18. B. licheniformis (O50230), and 19. Listeria monocytogenes (O85016). Residues invariant
in at least 6 of the 7 sequences are picked out in the consensus Rsb. Con is the consensus sequence for anti- factor antagonists, given in
bold if strictly conserved over the family. Other residues highlighted in bold represent the “signature” by which SpoIIA/RsbV families can be
identified from their primary sequence. Semicolons denote conservation of amino acid residue based on physiochemical property, e.g.,
hydrophobicity or charge.
[36]. In contrast to SpoIIAA, HPr and IDH, acidic residue Biological Implications
substitutions of the active Ser in glycogen phosphory-
lase and the MAP/cyclin dependent kinases, do not Opportunities to study cellular differentiation and alter-
nate developmental pathways are rare in tractable sys-mimic the effects of phosphorylation.
tems such as unicellular organisms. The process of
sporulation in B. subtilis is the ultimate response of the
Concluding Remarks bacterium to a hostile environment and has proved a
Anti- factors are utilized elsewhere in bacteria to regu- fertile ground for research in cell development. Sporula-
late the transcription of genes of diverse function includ- tion involves an asymmetric cell division giving rise to
ing those involved in flagella biosynthesis, phage devel- two cells of unequal size that follow different programs
opment, virulence, and the response to oxidative stress of gene expression but collaborate in the maturation of
(reviewed in [39, 40]). In these systems, a number of the smaller cell into a resistant spore.
different mechanisms exist for regulating the anti- fac- The coordinated and sequential activation of alternate
tor. Inhibition by FlgM of 28, which controls flagella RNA polymerase  factors in the mother cell and fore-
biosynthesis in Escherichia coli, is overcome by export spore compartments lies at the heart of transcription
of the anti- factor from the cell. The activity of RsrA, regulation and differential gene expression. The activity
which inhibits R-directed expression of oxidative stress of the first of these  factors, F, is restricted to the
genes in Streptomyces coelicolor, is controlled by re- forespore, although F is present in both cell compart-
dox-induced disulphide bond formation [40]. In contrast, ments. This is because F is normally held in an inactive
development and the stress response in B. subtilis are complex with SpoIIAB. Similar anti- factor based
regulated through a phosphorylation-sensitive anti- mechanisms control a number of cellular responses,
factor antagonist. The structures of SpoIIAA [18] and including the production of flagella and virulence fac-
SpoIIAA-P described here provide the first structural tors. The escape of F from inhibition requires a third
insights into anti- factor regulation. The key observa- protein, SpoIIAA, whose activity is controlled by phos-
tion is that the structural changes caused by phosphory- phorylation and dephosphorylation. SpoIIAA is normally
lation are slight, with the implication that the mere pres- maintained in the inactive state by the specific protein
ence or absence of aPO32 group on Ser57 determines kinase activity of SpoIIAB. It is activated by SpoIIE, a
cell fate. The essence of a signal is, of course, in its phosphatase associated with the polar septum. Thus,
interpretation, and a full appreciation of phosphorylation the presence or absence of the phosphoryl group in
in the control F demands crystal structures of SpoIIAA SpoIIAA governs the fate of the cell.
We have determined the crystal structure of SpoIIAAin complex with the sensor, SpoIIAB.
Crystal Structure of Phosphorylated SpoIIAA
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search simultaneously for multiple copies of the search moleculein its active form and in its inactive state in which the
in the asymmetric unit [47].protein is phosphorylated on Ser57. The lack of confor-
mational rearrangement caused by the arrival of the
Structure of SpoIIAA-Phosphate
phosphoryl group is striking and contrasts with the ef- Data from the SpoIIAA-P crystals were initially collected on beam-
fects of phosphorylation in other regulatory proteins in- line 14.2 at the SRS to 1.67 A˚ spacing. The structure was solved
volved in signaling. It appears, therefore, that the loss by molecular replacement in MOLREP [48] using the refined
SpoIIAA(M86V) structure as the search molecule. Two solutionsof the bulk of the phosphorus and three oxygen atoms
were obtained giving an initial Rfactor of 54.1% (Rfree 	 54.9%). Refine-together with the associated 2 charge represents the
ment was carried out in the program REFMAC interspersed withswitch from the inactive to the active form of SpoIIAA.
manual model building sessions in the program QUANTA. Water
molecules were introduced and refined, and finally the atoms of
Experimental Procedures phosphorylated serine (SEP) were added. At this point, a higher
resolution data set was collected on beamline ID14.1 at the ESRF,
Protein Preparation and Crystallization Grenoble. These 1.16 A˚ data were combined with the 1.67 A˚ SRS
Recombinant SpoIIAA and SpoIIAA-P proteins were purified from data and refinement of the model was continued. The higher resolu-
E. coli BL21 strains harboring pET28a derivatives containing B. tion data revealed alternate conformations for a number of residues.
sphaericus DNA sequences coding for either spoIIAA alone or both
spoIIAA and spoIIAB. Coexpression of the two proteins leads to Unphosphorylated SpoIIAA
intracellular phosphorylation of SpoIIAA by SpoIIAB. SpoIIAA and For the wild-type SpoIIAA crystals, data were collected on beamline
SpoIIAA-P were purified and crystallized as described previously 14.3 at the ESRF, Grenoble. The data are limited to 2.7 A˚ spacing.
[20]. When the structure of the unphosphorylated form was solved, The structure was solved by molecular replacement in MOLREP
it became clear that residue 86 was Val rather than Met, as a result using molecule B of the refined SpoIIAA-P structure as the search
of an A-to-G transition mutation introduced during a PCR subcloning molecule. A single solution was obtained with an Rfactor of 49.2%
step. The introduction of this mutation turns out to be serendipitous and a correlation coefficient of 0.46. It was apparent in the first
as crystals of the SpoIIAA(M86V) mutant are much more strongly maps that movements of residues 83–98 had taken place. These
diffracting than crystals of authentic unphosphorylated B. sphaeri- residues were deleted from the initial model and rebuilt manually.
cus SpoIIAA (Table 1). Selenomethionine substituted SpoIIAA(M86V) In the course of refinement in REFMAC, it became clear that residues
was prepared from the methionine auxotrophic E. coli strain B834 83–98 have high mobility and that residues 93–95 are disordered.
(DE3) by growth in suitable liquid media containing SeMet. Purifica-
tion and crystallization of SeMet-SpoIIAA was as for the native Acknowledgments
protein.
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